INTRODUCTION {#S1}
============

Convergence of inputs from multiple sensory modalities, multisensory integration, is believed to enhance perceptual sensitivity and selectivity, thereby improving detection, localization, and orientation toward specific environmental cues ([@R63]). During this selective process, context- and state-dependent patterns of neuromodulator release (e.g., acetylcholine, serotonin, dopamine, or norepinephrine) may reconfigure multisensory circuits, guiding behavior in adaptive ways ([@R19]; [@R30]; [@R41]; [@R48]; [@R50]). Serotonin (5-HT) in particular affects diverse physiological and behavioral functions ([@R37]), and dysfunction of 5-HT signaling is implicated in a variety of psychiatric disorders ([@R23]; [@R40]). Despite evidence that 5-HT powerfully influences sensory processing ([@R9]; [@R13]; [@R24]; [@R26]; [@R74]), it is unclear how 5-HT regulates the convergence of inputs in multisensory circuits.

The dorsal cochlear nucleus (DCN) is a well-established site of sensory integration, critical for sound source localization and orientation to sounds of interest ([@R25]; [@R38]; [@R45]; [@R65]). The layout of input pathways is clear and can be readily accessed using in vitro preparations ([Figure 1A](#F1){ref-type="fig"}). Fusiform principal cells receive two distinct glutamatergic inputs: auditory input from auditory nerve fibers (ANFs) terminating on their basal dendrites ([@R7]; [@R55]; [@R61]) and diverse multisensory input from parallel fibers (PFs) that terminate on their apical dendrites ([@R3]; [@R14]; [@R26]; [@R42]; [@R59]; [@R72]; [@R81]). The inhibitory microcircuits of the DCN are well characterized. ANF and PF inputs drive spiking in several subpopulations of inhibitory interneurons, notably vertical cells (also called tuberculoventral cells) ([@R51]; [@R79]) and cartwheel cells ([@R6]; [@R20]; [@R80]), respectively, and these interneurons directly synapse on fusiform cells, thereby providing modality-specific feed-forward inhibition. The DCN receives a dense serotonergic input, originating predominantly from the dorsal and medial raphe nuclei ([@R31]; [@R64]; [@R67]; [@R69], [@R70]; [@R73]). This anatomy therefore provides a foundation for understanding serotonergic modulation of multisensory integration. Importantly, aberrant 5-HT signaling is implicated in tinnitus, a condition associated with hyperactivity of the DCN ([@R60]; [@R76]). Understanding the physiological basis of 5-HT modulation of the DCN may thus provide an insight into mechanisms underlying tinnitus.

A mouse brain slice preparation was developed that preserved both ANF- and PF-driven microcircuits, to determine whether and how 5-HT regulates the convergence of auditory and multisensory inputs in the DCN. We found that 5-HT differentially targets auditory and multisensory components of the microcircuit, biasing the response of fusiform cells toward multisensory transmission. This is accomplished predominantly by a facilitating action on hyperpolarization-activated cyclic nucleotide-gated (HCN) channels in both the fusiform cell and a pathway-specific interneuron, the vertical cell. In this way, the principal cell becomes consistently more responsive to multisensory input while its response to auditory signals is stymied by increased feed-forward inhibition.

RESULTS {#S2}
=======

Pathway-Specific Effects of 5-HT on Inputs to Fusiform Cells {#S3}
------------------------------------------------------------

We previously showed that 5-HT increases excitability of fusiform cells by activating HCN channels ([@R66]). In the current study, we predicted that because the enhanced excitability is postsynaptic, all excitatory synaptic inputs should be more effective in driving the fusiform cell. We tested this idea in vitro by recording postsynaptic potentials and spikes in fusiform cells following 50-Hz trains of stimuli delivered to either ANFs or PFs (see [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}) in the absence and presence of 5-HT ([Figure 1A](#F1){ref-type="fig"}). As expected ([@R66]), 5-HT enhanced spontaneous firing of fusiform cells recorded in current-clamp (data not shown). What was unexpected was that 10 µM 5-HT decreased the firing probability of postsynaptic spikes triggered by stimulation of ANFs (40.0% ± 9.5% decrease; p \< 0.01, paired t test; n = 10; [Figures 1B and 1D](#F1){ref-type="fig"}), yet increased the firing probability of PF-triggered spikes (increased by 67.3% ± 22.1%; p \< 0.05, paired t test; n = 8; [Figures 1C and 1E](#F1){ref-type="fig"}). The result of these opposing actions was a shift in the normal balance of convergent ANF and PF inputs toward the multisensory pathway (change index: mean firing probability during 5-HT relative to control, ANF: 0.60 ± 0.10, PF: 1.67 ± 0.22; p \< 0.001, unpaired t test; [Figure 1F](#F1){ref-type="fig"}).

It seemed reasonable that the increase in PF-induced excitation of fusiform cells was due to the increased postsynaptic excitability ([@R66]), and indeed 5-HT increased spike probability of fusiform cells to PF-evoked excitatory postsynaptic potentials (EPSPs) across a wide range of fiber stimulus intensities ([Figure S1](#SD1){ref-type="supplementary-material"}). However, this postsynaptic change cannot explain the decreased effectiveness of ANF input to fusiform cells. To determine whether 5-HT exerted a selective inhibitory effect specifically on auditory synapses, we recorded pairs of excitatory postsynaptic currents (EPSCs) (termed EPSC1 and EPSC2) in voltage-clamped fusiform cells by independently stimulating ANFs and PFs in the presence of inhibitory synaptic blockers ([Figure 2A](#F2){ref-type="fig"}). Bath application of 10 µM 5-HT indeed produced a small reduction in the amplitude of ANF EPSC1 (27.0% ± 2.8% reduction; p \< 0.001, paired t test; n = 19; [Figures 2B and 2C](#F2){ref-type="fig"}) and increased the paired-pulse ratio (PPR; EPSC2/EPSC1) by 10.7% ± 2.9% from 0.82 to 0.90 (paired t test, p \< 0.001; n = 19), suggesting that the reduction in ANF EPSCs could be caused by a decrease in release probability. The increase in the normalized PPR was correlated with the degree of 5-HT-induced inhibition of ANF EPSCs (r^2^ = 0.21; p \< 0.05; [Figure 2E](#F2){ref-type="fig"}), consistent with a presynaptic action of 5-HT. By contrast, 5-HT had no effects on PF EPSCs (EPSC1: 102.0% ± 3.4% of control; p \> 0.05, n = 18; [Figures 2B and 2D](#F2){ref-type="fig"}) or PPR (98.0% ± 1.7% of control; p \> 0.05; n = 18), and no correlation was observed between the change in normalized PPR and the effect of 5-HT on PF EPSC amplitude (r^2^ = 0.00; p = 0.98; [Figure 2E](#F2){ref-type="fig"}). 5-HT also reduced trains of ANF EPSCs, without affecting trains of PF EPSCs ([Figures S2A--S2D](#SD1){ref-type="supplementary-material"}), and did not affect inward currents evoked by direct microiontophoresis of glutamate on fusiform cells near their basal dendrites ([Figures S2E and S2F](#SD1){ref-type="supplementary-material"}). Previous evidence demonstrated the presence of 5-HT~1A~ receptors (5-HT~1A~Rs) in the DCN ([@R46]; [@R68]; [@R75]). Indeed, we found that the presynaptic effect of 5-HT on ANF synapses was mediated by 5-HT~1A~Rs, because the selective agonist 8-OH-DPAT (10 µM) reversibly decreased the EPSC1 amplitude by 32.8% ± 2.1% ([Figures 2F and 2G](#F2){ref-type="fig"}) and increased the PPR by 15.1% ± 5.3% ([Figure 2G](#F2){ref-type="fig"}). Moreover, 5-HT did not affect ANF EPSCs in the presence of the 5-HT~1A~R antagonist 3 µM WAY100635 ([Figure 2G](#F2){ref-type="fig"}). Finally, we made recordings from auditory granule cells, while stimulating their mossy fiber inputs ([@R4]), and did not observe significant effects of 10 µM 5-HT on the amplitude of the mossy fiber EPSCs (n = 9; p \> 0.05) or on the granule cells' holding current (n = 14; p \> 0.05; data not shown), further supporting that the PF pathway is not affected by 5-HT.

Pathway-Specific Enhancement of Feed-Forward Inhibition by 5-HT {#S4}
---------------------------------------------------------------

The presynaptic inhibitory effect of 5-HT on ANF EPSCs seems to oppose the postsynaptic excitatory actions of 5-HT described earlier, and thus cannot fully account for the inhibition of postsynaptic spikes driven by ANF ([Figure 1](#F1){ref-type="fig"}). Thus, we asked whether other mechanisms might additionally reduce the impact of ANF activity following 5-HT exposure. ANF and PF inputs not only excite fusiform cells, but also initiate feed-forward inhibition by way of vertical cells and cartwheel cells, respectively ([Figure 1A](#F1){ref-type="fig"}). To address whether 5-HT could modulate synaptic inhibition, we determined the effects of 5-HT on feed-forward inhibitory postsynaptic currents (IPSCs) in fusiform cells evoked by ANF or PF stimuli. Feed-forward inhibition was revealed by eliciting ANF- and PF-mediated synaptic responses in voltage-clamped fusiform cells held at −60 mV, a voltage between the reversal potentials for EPSCs and IPSCs (*E*~Glu~ = 0 mV; *E*~Cl~ = −85 mV). Typically, ANF- and PF-evoked disynaptic currents exhibited a brief EPSC immediately followed by an IPSC; both phases of current were completely abolished by NBQX (10 µM) ([Figure 3A](#F3){ref-type="fig"}), an antagonist for AMPA/kainate receptors, confirming that the inhibitory component reflects disynaptic activation of local interneurons. Further confirmation of the disynaptic nature of the IPSCs was seen through analysis of their latencies. EPSCs and IPSCs were isolated by voltage clamping at their respective reversal potentials; the latency between ANF EPSC and ANF-triggered IPSC onsets was 1.3 ± 0.2 ms (n = 5), and the latency between PF EPSC and PF-triggered IPSC onsets was 2.0 ± 0.1 ms (n = 7), consistent with previous studies ([@R16]; [@R57]). ANF-triggered IPSCs showed depression, whereas PF-activated IPSCs showed facilitation ([Figures 3A and 3B](#F3){ref-type="fig"}), reflecting the short-term plasticity of the excitatory ANF and PF inputs onto vertical cells and cartwheel cells, respectively. In particular, ANF to vertical cell excitatory inputs depress, whereas vertical cell to fusiform cell inhibitory inputs do not ([@R32]). Together, these data indicate that ANF and PF inputs can drive distinct monosynaptic EPSCs and disynaptic IPSCs onto fusiform cells. This disynaptic inhibition strongly constrained the temporal summation of EPSCs during repetitive afferent activity ([Figure 3B](#F3){ref-type="fig"}).

To assess the effects of 5-HT on stimulus-evoked disynaptic IPSCs, we examined 5-HT modulation by measuring the total outward charge in the EPSC/IPSC sequence with and without 5-HT. 5-HT enhanced the disynaptic inhibitory current in response to ANF stimulation, yet had no effects on the disynaptic inhibitory current evoked by PF stimulation in fusiform cells ([Figures 3B--3D](#F3){ref-type="fig"}; first stimulus, control: 213.3 ± 39.9 pA\*ms, 5-HT: 397.5 ± 71.1 pA\*ms, p \< 0.01, n = 6; average of 6--10 stimuli, control: 94.0 ± 6.7 pA\*ms, 5-HT: 168.0 ± 25.5 pA\*ms, p \< 0.05). Moreover, 5-HT shifted the balance of excitation and inhibition (E/I) over the entire course of the stimulus train. 5-HT decreased the average E/I ratio for the first stimulus in a train (control: 0.68 ± 0.17, 5-HT: 0.22 ± 0.04; p \< 0.05; n = 6; [Figure 3D](#F3){ref-type="fig"}), and this reduction was maintained throughout the train (average for 6--10 stimuli, control: 1.11 ± 0.15, 5-HT: 0.63 ± 0.15; p \< 0.001) despite ongoing synaptic depression. The decrease in inward synaptic current likely results from a reduction of excitatory synaptic transmission by activation of presynaptic 5-HT~1A~Rs ([Figure 2](#F2){ref-type="fig"}). Such a decrease in inward charge must contribute to the enhanced outward charge phase of these waveforms; however, as shown below, a second factor enhancing the outward charge component is enhanced feed-forward inhibition onto fusiform cells. Importantly, 5-HT had no effect on the disynaptic current evoked by PF stimulation (p \> 0.05; n = 7; [Figures 3B, 3C, and 3E](#F3){ref-type="fig"}). Thus, serotonergic modulation of inhibition onto fusiform cells is pathway specific.

5-HT Enhances Excitability of Vertical Cells {#S5}
--------------------------------------------

To understand how 5-HT selectively enhanced inhibition during ANF stimulation, we examined the effects of 5-HT on each element of the inhibitory microcircuit. Enhanced feed-forward inhibition could reflect increased excitability of vertical cells by activation of somatodendritic 5-HT receptors, which would in turn enable recruitment of greater numbers of vertical cells during auditory nerve activity. Alternatively, there might be a direct potentiation of ANF-vertical cell excitatory synapses and/or vertical cell-fusiform cell inhibitory synapses by presynaptic 5-HT receptors. We therefore tested the effects of 5-HT on the excitability of vertical cells, EPSCs in vertical cells evoked by ANF stimulation, and vertical-cell-mediated IPSCs onto fusiform cells.

Vertical cells were identified on the basis of their location and firing pattern ([Figure 4A](#F4){ref-type="fig"}; [@R33]). Under current-clamp, 5-HT (10 µM) depolarized the resting membrane potential by 4.3 ± 0.8 mV (p \< 0.001, paired t test; n = 9; [Figures 4B and 4C](#F4){ref-type="fig"}) in the presence of synaptic blockers, indicating a direct postsynaptic action of 5-HT. Accompanying the depolarization was an increase of spontaneous spike activity (control: 0.48 ± 0.45 Hz, 5-HT: 13.5 ± 2.7 Hz; p \< 0.001; n = 12; [Figures 4B--4D](#F4){ref-type="fig"}). To examine how 5-HT affects the sensitivity of vertical cells to current stimuli, we injected a series of 0.5 s current steps into vertical cells, starting with −20 pA and incrementing by 20 pA, and the spike rate at each current level was measured with and without 5-HT. 5-HT shifted the input-output relation to the left ([Figures 4E and 4F](#F4){ref-type="fig"}), yet did not change the resting membrane potential or spike rate in cartwheel cells (p \> 0.05; n = 9; [Figures 4B--4D](#F4){ref-type="fig"}), the primary feed-forward inhibitory neuron of the multisensory pathway.

To explore the basis of the postsynaptic effect of 5-HT on vertical cells, we recorded in voltage-clamp configuration at −70 mV, observing a 5-HT-induced slow inward current ([Figure S3A](#SD1){ref-type="supplementary-material"}). No effect of 5-HT was seen in recordings from cartwheel cells (data not shown). The inward current in vertical cells could be largely abolished by the selective 5-HT~2A~Rs antagonist MDL-11939 (2 µM), and was mimicked by application of 30 µM α-methyl-5-HT, a selective agonist of 5-HT~2A~Rs ([Figures S3A and S3B](#SD1){ref-type="supplementary-material"}), consistent with the presence of 5-HT~2A~Rs in the DCN ([@R12]; [@R49]; [@R75]), and labeling of presumptive DCN vertical cells in Htr2a-Cre-tdTomato mice (<http://www.brain-map.org>). Furthermore, 5-HT-induced current was abolished by intracellular GTP-γ-S (1.5 mM), a non-hydrolysable GTP analog that blocks G protein in its activated state ([Figures S3A and S3B](#SD1){ref-type="supplementary-material"}), confirming that the 5-HTevoked response requires G protein signaling. Finally, we found that this current could be largely blocked by HCN channel blockers, Cs^+^ (2 mM) or ZD7288 (20 µM) ([Figures S3A and S3B](#SD1){ref-type="supplementary-material"}), indicating that HCN channels are the primary downstream targets for these observed excitatory actions of 5-HT. These data are almost identical to results for fusiform cells ([@R66]) and suggest that fusiform and vertical cells may use the same pathways in their response to 5-HT.

5-HT Does Not Affect Transmitter Release from Vertical Cells {#S6}
------------------------------------------------------------

We next tested for effects of 5-HT on other key synapses in the circuit. 5-HT did not change the peak amplitude or the PPR of ANF-to-vertical cell EPSCs ([Figures 5A--5C](#F5){ref-type="fig"}) or PF-to-cartwheel cell EPSCs ([Figures 5B and 5C](#F5){ref-type="fig"}). Although 5-HT did not increase EPSCs in vertical cells, it markedly increased the firing probability of spikes evoked by a train of suprathreshold "strong" stimulation of ANF input (firing probability in control: 0.44 ± 0.04; firing probability in 5-HT: 0.81 ± 0.08; p \< 0.001; n = 12; [Figures 5D and 5G](#F5){ref-type="fig"}), indicating that 5-HT increased coupling between EPSPs and action potential generation. Interestingly, 5-HT had no significant effect on the latency to spiking in vertical cells evoked by a train of strong intensity stimulation of ANF (control 2.77 ± 0.33 ms versus 5-HT 2.51 ± 0.29 ms; n = 10; p \> 0.05, paired t test) despite the larger spike probability. 5-HT also enhanced the firing probability in response to subthreshold EPSPs evoked by "weak" ANF stimulation (firing probability in control: 0.00 ± 0.00; firing probability in 5-HT: 0.17 ± 0.03; p \< 0.01; n = 5 out of 6 cells; [Figures 5E--5G](#F5){ref-type="fig"}). These data illustrate that the way in which 5-HT increases inhibition is specifically by recruitment, allowing vertical cells to fire more consistently during ANF activity, and by extension to allow more vertical cells contacting a given fusiform cell to become active.

To test the possibility that 5-HT could directly affect inhibitory transmission between vertical and fusiform cells, we made dual recordings from synaptically connected vertical cell-fusiform cell pairs ([Figure S4](#SD1){ref-type="supplementary-material"}). Unitary IPSCs in fusiform cells were triggered by trains of spikes at 50 Hz evoked via somatic current injection into presynaptic vertical cells. Although 5-HT depolarized the vertical cells, it did not change the amplitude (p \> 0.05; n = 5 pairs; [Figures S4B and S4D](#SD1){ref-type="supplementary-material"}) or short-term plasticity (p \> 0.05) of unitary IPSCs in fusiform cells. Similarly, 5-HT also did not affect the unitary IPSCs in fusiform cells evoked by spikes in connected cartwheel cells (p \> 0.05; n = 6 pairs; [Figures S4C and S4E](#SD1){ref-type="supplementary-material"}). These data suggest that 5-HT regulates feed-forward inhibition to fusiform cells through enhanced excitability of vertical cells, rather than through a direct effect on ANF-vertical cell excitatory synapses or vertical cell-fusiform cell inhibitory synapses.

To further confirm that it is excitation of vertical cells by 5-HT that accounts for the enhanced feed-forward inhibition in fusiform cells, we made paired recordings from synaptically coupled vertical and fusiform cells, and monitored spike and IPSC activity, respectively, as 5-HT was washed into the bath ([Figures 6A and 6B](#F6){ref-type="fig"}). 5-HT triggered copious firing in the vertical cell and increased the frequency of spontaneous IPSCs in the postsynaptic fusiform cell ([Figures 6C--6G](#F6){ref-type="fig"}). 5-HT increased both the frequency and the amplitude of IPSCs ([Figures 6C--6E](#F6){ref-type="fig"}). Because 5-HT has no direct effect on the inhibitory synapses, the increase in amplitude presumably arose from an increase in spike-evoked, non-uniquantal spontaneous events. In order to determine whether the enhanced IPSCs were due to the vertical cell, we made presynaptic spike-triggered averages, revealing that IPSCs often occurred immediately after a spontaneous (5-HT-induced) presynaptic spike. The latency from the spike to the onset of the IPSC was consistent with monosynaptic transmission from the recorded vertical cell ([Figures 6F and 6G](#F6){ref-type="fig"}; mean latency: 0.48 ± 0.06 ms; n = 5).

5-HT Reduces Post-excitation Pauses Identically for ANF- and PF-Driven Spike Activity {#S7}
-------------------------------------------------------------------------------------

A well-known feature of fusiform cells recorded in vivo or in vitro is a prolonged HCN-dependent afterhyperpolarization that follows afferent activity, sufficient to eliminate the spontaneous spike activity that is typical of these neurons ([@R2]; [@R21]; [@R52]). We found that this pause in spiking was also modulated by 5-HT; however, unlike its differential effects on afferent activity, the pause was modulated identically for both sensory pathways, consistent with a postsynaptic site of action of 5-HT. The duration of this pause was defined as the latency from last synaptic stimulation to the first spontaneous spike. 5-HT reduced the pause in response to either ANF or PF stimuli (latency in control: 572 ± 49 ms; latency in 5-HT: 300 ± 44 ms; p \< 0.001; n = 11; [Figures 7A, 7B, 7D, and 7E](#F7){ref-type="fig"}). We reasoned that this pause could result from the deactivation of HCN channels during spike trains, leading to a rebound hyperpolarization after spiking ceases. As 5-HT depolarizes the neurons, this deactivation is already partially in place prior to evoked spiking; given that the spontaneous firing rate is enhanced by the depolarization, both effects should reduce the pause duration. We tested this idea by mimicking 5-HT's depolarizing effect by somatic current injection. As expected, somatic current injections (+50 to +100 pA) fully mimicked the effect of 5-HT ([Figures 7C and 7E](#F7){ref-type="fig"}). Altogether, our data suggest an input pathway/circuit selectivity neuromodulation that biases the sensitivity of the principal cell toward multisensory signals, while simultaneously reducing the quiescent state following signals from any source.

DISCUSSION {#S8}
==========

We identified a neuromodulatory circuit mechanism that suppressed signaling through the auditory pathway in DCN, while simultaneously enhancing transmission through a multisensory pathway. Given that the primary target of the DCN is the inferior colliculus, and given the striking convergence of multiple modalities into the DCN, such pathway-selective neuromodulation could enhance the salience of particular sensory events associated in time with a given acoustic signal, such as somatosensory activity from pinna, head/neck movement, or trigeminal activity ([@R27]; [@R28]; [@R58]).

Serotonergic Regulation of Inhibitory Microcircuit Is Cell-Type Specific {#S9}
------------------------------------------------------------------------

Inhibitory interneurons are critical in adjusting relative sensitivity to the diverse inputs a neural circuit receives ([@R22]; [@R39]; [@R54]). Accordingly, differential control of interneurons by neuromodulators is a potent mechanism for circuit-level plasticity ([@R34]). Although vertical cells and cartwheel cells are the most common interneuron in the DCN, their response to 5-HT is sharply different. Indeed, the entire shift in response toward the multimodal input can be accounted for by the actions of the 5-HT~2A~R→HCN channel signaling pathway in the principal cells and a single type of interneuron, the vertical cell, with an additional small contribution from 5-HT~1A~R in presynaptic inhibition.

Clearly, there are multiple possible ways in which this circuit could be controlled to effect a shift from auditory to multimodal signaling, for example, by purely presynaptic modulation at the input level. Although 5-HT increased excitability and spontaneous firing of vertical cells, it did not affect strength of EPSCs or unitary IPSCs in the ANF→vertical cell→fusiform cell inhibitory sequence. 5-HT also increased the likelihood of coupling between ANF EPSPs and action potential initiation in vertical cell, again by a postsynaptic mechanism. Finally, dual recordings provided direct evidence that 5-HT increased vertical cell-mediated inhibitory activity in fusiform cells. Given that multiple vertical cells converge upon each fusiform cell ([@R33]; [@R71]), and the vertical cell excitability is enhanced by 5-HT, the enhanced inhibition of the fusiform cell's ANF responses reflects the enhanced recruitment of inhibitory neurons. Intriguingly, this simple mechanism assures that the level of inhibition would scale with the degree of auditory activity. In contrast to 5-HT's modulation of ANF→fusiform cell feed-forward inhibitory microcircuit, the noradrenergic system selectively regulates the excitability of cartwheel cells and enhances the signal-to-noise ratio of inhibitory signals through the multisensory pathway ([@R32]), whereas dopamine acts to adjust spike modes determined by cartwheel cell axons ([@R5]). Therefore, different neuromodulatory systems can control DCN circuits in distinct ways, yet all appear to have selectivity in their target inhibitory neurons, and thereby may guide distinctly different alterations in processing.

Functional Implications of Serotonergic Modulation {#S10}
--------------------------------------------------

What are the functional outcomes of enhanced multisensory processing in DCN? A similar multisensory enhancement has been reported in superior colliculus and neocortex ([@R1]; [@R47]), and proposed as a key mechanism to enhance the salience of context events. Therefore, modulation of integration of sensory signals at the DCN circuit provides flexibility in bi-modal integration ([@R11]; [@R58]), allowing multisensory cues potentially to improve detection and discrimination of events in the context environment. In support of this notion, behavioral studies suggest that integration of multisensory input improves the accuracy of orientation of sounds ([@R27]; [@R78]). Therefore, this serotonergic neural circuit could be a key component of the DCN circuitry highlighting the response to salient environmental events.

Studies of 5-HT actions in DCN in vivo show conflicting results ([@R17]; [@R18]), possibly as a result of variations in where 5-HT is iontophoretically released relative to the location of recorded neurons. In this study, 5-HT was applied uniformly throughout the tissue. If it acts locally, rather than diffusely, the inhibition ANF signals could have a more significant outcome. In vivo studies suggested that vertical-cell-mediated inhibition may regulate frequency and/or intensity tuning ([@R43]; [@R62]; [@R77]; [@R82]). If 5-HT was released locally so as to act on subsets of vertical cells, auditory receptive fields might be sharpened relative to the basal discharge of the cell or may be shifted in their borders. Thus, 5-HT-induced suppression of auditory stimuli might refine sensory receptive fields and minimize potentially distracting effects of competing stimuli, thus providing an efficient strategy to improve sound localization in noisy environments. Future study should explore how 5-HT release regulates the DCN circuitry and consequently modulates its function in living animals.

Beyond the physiological function of 5-HT, our findings may provide insight into the biological mechanisms of tinnitus. Aberrant serotonergic neurotransmission is implicated in tinnitus ([@R10]; [@R44]; [@R56]; [@R60]), and enhanced activity (hyperactivity) in fusiform cells of the DCN is also associated with tinnitus ([@R8]; [@R15]; [@R36]). Thus, it will be important to determine whether dysfunctional modulation of the DCN could play a role in central tinnitus. The tonic excitation of fusiform cells is one tinnitus-like outcome. However, studies indicate that the tinnitus can be enhanced in many patients by movement of the head or jaw ([@R35]); such an effect may be related to increased effectiveness of somatosensory signaling in the DCN by 5-HT. Thus, the current study may provide a basis for future work to understand whether dysregulation of 5-HT signaling could affect the experience of tinnitus.

EXPERIMENTAL PROCEDURES {#S11}
=======================

Animals {#S12}
-------

All procedures were approved by the IACUC of Oregon Health and Science University. Animals used in this study were C57BL/6J wild-type mice or transgenic mice. GlyT2-EGFP mice (labeling glycinergic neurons) were backcrossed into C57BL/6J wild-type mice and maintained and genotyped as previously described ([@R53]). NF107-Cre-tdTomato mice (a gift of Chip Gerfen) were generated by crossing NF107-Cre mice with an Ai9 reporter line.

Electrophysiology {#S13}
-----------------

Refer to [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"} for detailed methods. For most experiments, fusiform cell, cartwheel cell, and vertical cell were identified based on their location, morphology, and electrophysiological properties. Additionally, GlyT2-EGFP (all glycinergic neurons labeled) transgenic mice in which EGFP is expressed in glycinergic neurons were used to identify vertical and cartwheel cells. Whole-cell recordings were performed in acute conventional or thick brain slices containing the DCN using patch pipettes filled with a K^+^-based intracellular solution.

Paired Recordings {#S14}
-----------------

For paired pre- and postsynaptic recordings (vertical cell-fusiform cell or cartwheel cell-fusiform cell), fusiform cells were voltage-clamped with an intracellular solution containing 20 µM Alexa Fluor 488 so that morphology could be confirmed. Then, nearby (\<50 µm intersomatic distance) vertical cells in the deep layer or cartwheel cells in the molecular layer of the fusiform cell were patched in current-clamp mode. After identifying synaptically coupled vertical cell-fusiform cell or cartwheel cell-fusiform cell pairs and demonstrating reliable induction of unitary IPSCs in the postsynaptic fusiform cell upon depolarization of the presynaptic vertical cell or cartwheel cell, the effects of 5-HT on unitary IPSCs were then tested.

Statistical Analysis {#S15}
--------------------

All traces were acquired with pClamp 10 software (Molecular Devices) and Axograph X. All figures were made with IgorPro (WaveMetrics). All data are presented as mean ± SEM unless specified otherwise, and statistical significance was assessed using Student's t tests as appropriate: \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. Further details are in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

Supplementary Material {#SM}
======================

[SUPPLEMENTAL INFORMATION](#SD1){ref-type="supplementary-material"}

[Supplemental Information](#SD1){ref-type="supplementary-material"} includes [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"} and four figures and can be found with this article online at <http://dx.doi.org/10.1016/j.celrep.2017.07.079>.
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![5-HT Causes Enhanced Multimodal Transmission Relative to Auditory Input\
(A) Simplified diagram for ANF (auditory nerve fiber) and PF (parallel fiber) input-driven microcircuits.\
(B and C) Left: representative traces of (B) ANF or (C) PF stimulation (10 pulses at 50 Hz) evoked spike activity recorded in fusiform cells before and during 10 µM 5-HT application. Right: an example of spike raster plots for the activity of spike during ANF or PF stimulation presentation in the absence and presence of 5-HT (trials 11--30 highlighted by red dashed lines indicate 5-HT application). Black trace, control; red trace, during 5-HT application.\
(D and E) Summary of 5-HT's effects on the firing probability of spikes triggered by (D) ANF (n = 10) or (E) PF stimulation (n = 8). Open symbols represent the mean firing probability of individual neurons, and filled symbols represent the averaged firing probability of all neurons.\
(F) 5-HT shifted the balance of convergent ANF and PF inputs toward multisensory enhancement. Change index: mean firing probability during 5-HT application relative to control. Error bars represent SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. CWC, cartwheel cell; FC, fusiform cell; VC, vertical cell.](nihms901199f1){#F1}

![Suppression of Excitatory Synaptic Transmission to Fusiform Cells by 5-HT Is Input-Pathway Specific\
(A) Experimental configuration of separate stimulation of ANF and PF.\
(B) Representative average traces from fusiform cells show that 10 µM 5-HT selectively reduced ANF EPSCs (top), but does not affect PF EPSCs (bottom). Black dashed lines denote the peak of EPSC1 before application of 5-HT.\
(C and D) Pooled data show that 5-HT reduced the ANF EPSC1 amplitude and increased the PPR (paired-pulse ratio of EPSC2/EPSC1) (n = 19) (C), yet 5-HT did not affect PF EPSCs and short-term plasticity (n = 18) (D). Each line represents an individual neuron, and filled circles represent the averaged EPSC amplitude of all neurons.\
(E) Correlation of 5-HT-induced inhibition of ANF EPSCs versus the normalized PPR (PPR~5-HT~/PPR~control~: the PPR during application of 5-HT was normalized to that of the control) suggests that 5-HT inhibited ANF EPSCs via a presynaptic mechanism. The red lines are regression lines. There is no correlation between 5-HT-induced inhibition of PF EPSCs and the normalized PPR. (F) Representative averaged traces of ANF EPSCs before and during 8-OH-DPAT (10 µM).\
(G) Pooled data show that 8-OH-DPAT reduced the amplitude of ANF EPSCs and increases the PPR (n = 5), and 5-HT did not change the amplitude of ANF EPSC1 and the PPR in the presence of 3 µM WAY100635 (n = 4). Open symbols represent the EPSC amplitude of individual neurons, and filled symbols represent the averaged EPSC amplitude of all neurons.\
EPSCs were recorded in the presence of 1 µM strychnine and 10 µM SR95531. Stimulus artifacts were removed for clarity. Error bars represent SEM. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.](nihms901199f2){#F2}

![Enhancement of Feed-Forward Inhibition to Fusiform Cells by 5-HT Is Input-Pathway Specific\
(A) EPSC-IPSC sequence was recorded in fusiform cells in response to ANF or PF stimulation at holding potentials of −60 mV. The disynaptic currents were abolished by 10 µM NBQX (control, black; NBQX, blue), confirming the disynaptic origin of the IPSCs.\
(B) Representative average traces of disynaptic currents in responses to ANF or PF stimulation (10 pulses at 50 Hz) from fusiform cells show that 10 µM 5-HT reduced the inward component and enhanced the outward component of ANF disynaptic currents (top) but did not change PF disynaptic currents (bottom).\
(C) Superimposed traces of first currents in (B).\
(D and E) Summary of inward charge, outward charge, and charge ratio of (D) ANF- and (E) PF-disynaptic currents under the control and 5-HT conditions. The charge ratio is the ratio of excitatory-to-inhibitory charge for each cell, which is then averaged across all cells. Stimulus artifacts were removed for clarity. Error bars represent SEM.](nihms901199f3){#F3}

![5-HT Increases the Excitability of Vertical Cells but Not Cartwheel Cells\
(A) Representative action potential firing patterns of a vertical cell and a cartwheel cell recorded in current-clamp mode.\
(B) 5-HT depolarized the membrane potential and increased spontaneous spike rate in a vertical cell (left), but did not change the membrane potential in a cartwheel cell (right). Black dashed lines denote resting membrane potential before application of 5-HT.\
(C and D) 5-HT increased (C) resting membrane potential (n = 9) and (D) spontaneous spike rate of vertical cells (n = 12), but not of cartwheel cells (n = 9).\
(E) Representative traces of action potential firing in a vertical cell elicited by somatic injection of current pulses illustrating the effects of 5-HT.\
(F) Firing frequency as a function of amplitude of injected current (n = 8) in vertical cells.\
Error bars represent SEM. \*\*p \< 0.01; \*\*\*p \< 0.001.](nihms901199f4){#F4}

![Pathway-Specific Enhancement of Orthodromic Firing by 5-HT\
(A) Experimental configuration.\
(B) Representative traces from a vertical cell (top) show that 10 µM 5-HT did not affect EPSCs evoked by ANF stimulation. Similarly, 5-HT did not change EPSCs recorded in a cartwheel cell (bottom) evoked by PF stimulation.\
(C) Summary of 5-HT's effects on EPSC1 and PPR in vertical cells (n = 23) and cartwheel cells (n = 11). (D) Top: representative traces of EPSPs and action potentials in a vertical cell in response to ANF stimulation (10 pulses at 50 Hz) with a strong intensity before and during 5-HT. Bottom: the raster plots for the activity of spike during ANF stimulation presentation with and without 5-HT.\
(E) Representative traces of EPSPs and action potentials in response to ANF stimulation with a weak intensity in a vertical cell before and during 5-HT.\
(F) The first EPSPs or spikes in (E) are shown at enlarged scales.\
(G) Summary of 5-HT's effects on firing probability of spikes triggered by ANF stimulation with strong (n = 12) or weak (n = 5) intensity.\
Error bars represent SEM. \*\*p \< 0.01; \*\*\*p \< 0.001.](nihms901199f5){#F5}

![Enhanced Excitability of Vertical Cells by 5-HT Leads to Enhanced Inhibitory Tone\
(A) Experimental configuration of a vertical cell-fusiform cell paired recording.\
(B) A sample synaptically coupled vertical cell-fusiform cell paired recording showing unitary IPSCs (gray: individual races; black: average trace) recorded in voltage-clamp in a postsynaptic fusiform cell (bottom) in response to train stimulation (5 pulses at 50 Hz) recorded in current-clamp in a presynaptic vertical cell (top).\
(C and D) Presynaptic membrane potentials or action potentials were recorded in current-clamp from a vertical cell (C), and IPSCs were recorded in voltage-clamp from a fusiform cell (D) in the absence and presence of 5-HT. Bottom: representative averaged traces of IPSCs before and during 5-HT.\
(E) Cumulative fractions of the frequency and amplitude of IPSCs show that 5-HT increased both their frequency and amplitude.\
(F) Spikes (top) in the presynaptic vertical cell evoked by 5-HT-generated IPSCs (bottom) (\*) in the postsynaptic fusiform cell.\
(G) Vertical cell spike-triggered average shows that the vertical cell spike led to short-latency IPSCs (indicated by arrows) in fusiform cell, further confirming that 5-HT evoked spikes in vertical cells generated IPSCs in fusiform cell.\
IEI, inter-event interval.](nihms901199f6){#F6}

![5-HT Decreases Post-excitation Pauses in Response to Either Auditory Nerve Fiber- or Parallel Fiber-Driven Spikes in Fusiform Cells\
(A and B) Top: representative superimposed traces of spontaneous and (A) ANF or (B) PF stimulation-evoked spiking activity recorded in two fusiform cells before and during application of 5-HT. Both ANF and PF stimulation-evoked spikes were followed by a pause in spontaneous spike activity. 5-HT reduced this transient inhibition. Bottom: the raster plots for the activity of spike in these two fusiform cells during (A) ANF or (B) PF stimulation presentation in the absence and presence of 5-HT (trials 11--30 highlighted by red dashed lines indicate 5-HT application).\
(C) Top: representative superimposed traces of spontaneous and ANF-evoked spiking activity recorded in a fusiform cell with and without a +50 pA current injection (control: black traces; current injection: green traces). Current injection reduced this pause. Bottom: an example of raster plots for the activity of spike in the fusiform cell (A) during ANF stimulation presentation under the control and current injection conditions (current injection indicated by two dashed green lines from trials 21--30).\
(D) An example of poststimulus time histogram (PSTH; 10 trials) for the activity of the spikes during ANF stimulation presentation under the control and 5-HT conditions from (A) illustrates how the pause was quantified as the latency from the last stimulus artifact to first spontaneous spike.\
(E) 5-HT significantly reduced the latency (n = 11). Similarly, a somatic current injection (*I* injection: +50 to +100 pA) reduced the latency (n = 3).\
Thick blue lines indicate the periods with a train of ANF or PF stimulation at 10 pulses and 50 Hz. Error bars represent SEM. \*p \< 0.05, \*\*\*p \< 0.001.](nihms901199f7){#F7}

###### Highlights

-   In a multisensory integrator, 5-HT readjusts the relative strength of different inputs

-   5-HT enhances excitability of principal cells and auditory input-driven interneurons

-   Principal cells then respond well to multisensory input, yet have weaker auditory drive

-   5-HT therefore operates at the microcircuit level to modulate sensory processing

[^1]: Lead Contact
